Abstract Aberrant protein folding and assembly contribute to a number of diseases, and efforts to rationalize how pathogenic mutations cause this phenomenon represent an important imperative in biochemical research. However, for a-helical membrane proteins, this task is complicated by the fact that membrane proteins require intricate machinery to achieve structural and functional maturity under cellular conditions. In this work, we utilized the DG predictor algorithm (www.dgpred.cbr.su.se) to survey 470 known pathogenic mutations occurring in five misfolding-prone a-helical membrane proteins for their predicted effects on the translocon-mediated membrane integration of transmembrane helices, a critical step in biosynthesis and folding of nascent membrane proteins. The results suggest that about 10 % of these mutations are likely to have adverse effects on the topogenesis of nascent membrane proteins. These results suggest that the misfolding of a modest but nonetheless significant subset of pathogenic variants may begin at the translocon. Potential implications for therapeutic design and personalized medicine are discussed.
Introduction
Improper folding and assembly of nascent proteins have been implicated in the molecular basis of a growing number of diseases. Efforts to elucidate the various mechanisms by which pathogenic mutations alter protein conformation and function or prompt the formation of cytotoxic protein aggregates address one of the central questions in biomedical research. However, a precise and comprehensive understanding of the effects of pathogenic mutations often remains elusive (Kelly and Balch 2006) , and the delineation of the effects of these mutations on protein biosynthesis, folding, assembly, and function represents a daunting challenge. This is especially true for pathogenic mutations occurring within a-helical membrane proteins, which require elaborate cellular machinery to achieve and maintain their functional conformations within chemically diverse cellular membranes (Sanders and Myers 2004) .
There are numerous ways by which pathogenic mutations can compromise the ability of a-helical membrane proteins to acquire their native, functional structure. The difficulty in assessing such mechanisms is highlighted by recent work showing that a single pathogenic variant of a sodium channel that misfolds under certain conditions is capable of folding into a constitutively active channel under other conditions (Cestèle et al. 2013) . Furthermore, considering the genotype-specific efficacy exhibited by many therapeutic compounds (Okiyoneda et al. 2013; Rowe and Verkman 2013; Van Goor et al. 2009 ), efforts to differentiate the specific effects of each mutation may be of great importance for personalized medicine. In this work, we explore one potential mechanism by which pathogenic mutations may compromise membrane protein bioassembly, namely, the potential disruption of the cotranslational membrane integration of nascent membrane proteins. Nascent membrane proteins must traverse a perilous pathway to achieve functional maturity within the cell. For the majority of eukaryotic membrane proteins, this pathway begins with cotranslational membrane integration of the nascent transmembrane (TM) helices into the endoplasmic reticulum (ER) membrane by the Sec 61 translocon, a protein-conducting channel in the ER membrane that extends the ribosomal exit tunnel into the lumen (Denks et al. 2014; Egea and Stroud 2010; Van den Berg et al. 2004) . During translation, the nascent chain transiently samples the ER membrane through the lateral gate of the translocon (Egea and Stroud 2010; Heinrich et al. 2000; Hessa et al. 2005) , which allows TM helices to partition into the membrane and to establish their initial topology (topogenesis). This topogenic process, which requires the recognition of tens of thousands of different TM helices with diverse sequences, presents an unenviable challenge to the translocon. The amino acid sequences of many TM helices exhibit favorable membrane partitioning through the burial of hydrophobic residues within the membrane core and/or interaction of positively charged residues with negatively charged phospholipid head groups (Hessa et al. 2005 (Hessa et al. , 2007 Ö jemalm et al. 2011; von Heijne 1992; White and von Heijne 2008) . However, many TM helices contain functionally essential charged or polar residues buried within the membrane core (Adamian and Liang 2002; Illergard et al. 2011; Popot and Engelman 2000) , which pose a challenge to this topogenic process. In some cases, the energetic penalties associated with the partitioning of these residues into the membrane may be offset by the formation of tertiary contacts with neighboring residues or TM helices (Meindl-Beinker et al. 2006; White and von Heijne 2008) . In other cases, these polar helices are not integrated into the membrane in the nascent form of the protein (Gafvelin and von Heijne 1994; Kanki et al. 2002; Lu et al. 2000) , and instead require subsequent topological rearrangement to achieve the native fold (Kauko et al. 2010; Virkki et al. 2014) . However, these topological decisions are not always cut-and-dried; the nascent forms of some multi-pass a-helical membrane proteins have heterogeneous topologies (Moss et al. 1998) . Thus, only a fraction of some nascent membrane proteins may achieve the correct topology during topogenesis (von Heijne 2006) . While aberrant topomers appear to be capable of acquiring the correct topology in some cases (Kanki et al. 2002; Kanner et al. 2002; Lu et al. 2000) , this process appears to be quite slow (Lu et al. 2000) and likely competes with the recognition and degradation of topological intermediates by cellular quality control (Buck and Skach 2005) . The nature of this process suggests that pathogenic mutations may be capable of tipping the energetic balances involved in topogenesis. However, given that there are a multitude of potential mechanisms by which membrane protein biosynthesis may be disrupted, it is currently unclear just how common the disruption of topogenesis is as a pathogenic mechanism.
To assess whether pathogenic mutations are likely to commonly influence topogenesis, we carried out a limited bioinformatic analysis of known pathogenic mutations in a-helical membrane proteins implicated in misfolding diseases using the DG predictor algorithm (www.dgpred. cbr.su.se) (Hessa et al. 2007) . From amino acid sequence, this knowledge-based algorithm can be used to predict the topological decisions of the translocon as well as the degree of membrane partitioning of isolated TM segments with considerable reliability (Hessa et al. 2007; Kauko et al. 2010; Virkki et al. 2014) . We utilized this algorithm to survey the effects of 470 known pathogenic missense mutations occurring within or near TM helices on the predicted membrane partitioning of nascent TM helices. By comparing predictions for wild-type and mutant sequences, we find that about 10 % of these mutations are predicted to significantly disfavor integration of their host TM helices into the membrane by the translocon. In more rare cases, the results suggest that certain pathogenic mutations may also influence the position of the initially inserted segment with respect to the membrane, which could potentially influence the kinetics and thermodynamics associated with the post-translocon formation of tertiary and quaternary structure. These results may inform efforts to interpret the effects of pathogenic mutations in a-helical membrane proteins, and suggest that the DG prediction server (www. dgpred.cbr.su.se) may help to differentiate pathogenic mutations that primarily influence early folding events in membrane protein biogenesis from those that may instead influence post-translational folding events or the function of the mature protein. Potential implications of such findings for therapeutic approaches are also discussed.
Methods

Topological Predictions of Pathogenic Variants of a-Helical Membrane Proteins
Pathogenic mutations in rhodopsin, vasopressin 2 receptor (V2R), the cystic fibrosis transmembrane conductance regulator (CFTR), the voltage-gated potassium channel KCNQ1, and peripheral myelin protein 22 (PMP22) were gathered from the Human Gene Mutation Database (HGMD, www.hgmd.cf.ac.uk). Predictions of the energetics of translocon-mediated membrane integration of wildtype and mutant TM helices were acquired from full amino acid sequence scans with the DG prediction server v1.0 (www.dgpred.cbr.su.se). In two instances (TM7 of rhodopsin and the S4 helix of the voltage sensor domain of KCNQ1), the TM helices were not identified in fullsequence scans. In these cases, the identity of the TM helices was inferred from available structural data for these proteins. Based on the crystal structure of bovine rhodopsin (PDB code 1U19), TM7 was judged to correspond to residues 285-309. Based on solution NMR characterization of the voltage sensor domain of KCNQ1 (Peng et al. 2014) , the S4 helix of KCNQ1 was judged to correspond to residues 221-243. DG app,pred and DDG app,pred values for the wild-type and mutant variants of these helices were calculated using single-helix DG predictions with the DG prediction server v1.0. The fraction of integrated TM helices was determined from DG app,pred values at a temperature of 30°C, which is the temperature at which the data used to train the DG prediction server were acquired (Hessa et al. 2005 (Hessa et al. , 2007 .
Results and Discussion
Selection of Pathogenic Mutations in Misfolding-Prone a-Helical Membrane Proteins
To survey the influence of pathogenic mutations on the energetics of translocon-mediated membrane integration of TM helices, we first selected five multi-pass a-helical membrane proteins for which certain pathogenic mutations are known to prompt protein misfolding and misassembly. We chose to analyze pathogenic mutations in the G protein-coupled receptors (GPCRs) rhodopsin and the vasopressin 2 receptor (V2R), as well as the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel, the voltage-gated potassium channel KCNQ1, and the tetraspan protein known as peripheral myelin protein 22 (PMP22). As logged in the Human Gene Mutation Database (HGMD, www.hgmd.cf.ac.uk), pathogenic missense mutations in these proteins cause a variety of diseases including retinitis pigmentosa (RP, 118 mutations in rhodopsin), nephrogenic diabetes insipidus (NDI, 129 mutations in V2R), cystic fibrosis (CF, 864 mutations in CFTR), long QT syndrome (296 mutations in KCNQ1), and Charcot-Marie-Tooth disease (CMT, 44 mutations in PMP22). In some cases, the pathogenesis arising from these mutations may be strictly due to the effects of the mutations on the native function of the mature protein.
However, biochemical characterizations have suggested that some, possibly most, pathogenic mutations within each of these proteins result in improper folding and assembly as their fundamental defect (Hwa et al. 1997; Kaushal and Khorana 1994; Morello et al. 2000; Myers et al. 2008; Sanders et al. 2001; Sung et al. 1991; Welsh and Smith, 1993; Wilson et al. 2005) . The structural and functional diversity of these proteins and the widely distinct pathologies that arise from these mutations together suggest that the selected set of mutations represents reasonable cross section of pathogenic missense mutations occurring within the TM helices a-helical membrane proteins.
Collectively, rhodopsin (7), V2R (7), CFTR (12), KCNQ1 (6), and PMP22 (4) contain 36 TM helices. To interpret topogenic predictions for wild-type and mutant proteins, we make the simplifying assumption that most transmembrane helices partition into the membrane independently of neighboring helices, which is reasonable considering the energetic effects of interhelical hydrogen bonds typically appear to be modest (Meindl-Beinker et al. 2006) . The degree to which the sequences of these helices are suitable for membrane partitioning is predicted to vary widely (Table 1) ; the predicted apparent free energy for partitioning of the TM helix into the ER membrane (DG app,pred ) varies from -3.71 (TM1 of PMP22) to 3.84 (TM7 of rhodopsin) kcal/mol (negative values indicate favorable partitioning into the membrane phase). For simplicity, we arbitrarily binned the predicted DG app,pred values of both wild-type and mutant TM helices reported in this work into three regimes. For TM segments that are projected to exhibit favorable partitioning energetics, we chose an upper limit of -1 kcal/mol in the predicted DG app,pred values, which would correspond to at least 84 % integration of the nascent helices. TM segments with predicted DG app,pred values ranging from -1 to ?1 kcal/mol, which correspond to a range of membrane integration from 84 to 16 % of the nascent helices, were considered to have intermediate partitioning energetics. Finally, those with predicted DG app,pred values greater than ?1 kcal/mol, which would correspond to less than 16 % integration of the nascent helices, were considered likely to exhibit unfavorable partitioning energetics. TM segments with favorable predicted partitioning energetics are likely to spontaneously partition into the membrane regardless of the sequence context, while the membrane integration of TM segments that fall within the other regimes may sometimes hinge on the formation of tertiary or quaternary contacts. Of the 36 wild-type TM helices in these proteins, 16 were predicted to have favorable partitioning energetics, 13 were predicted to have intermediate partitioning energetics, and 7 were predicted to have unfavorable partitioning energetics. These variations are consistent with the distribution of predicted DG app,pred values in genomic surveys of the TM helices in multi-pass a-helical membrane proteins (Hessa et al. 2007; White and von Heijne 2008) , which again suggests the chosen proteins may serve as a representative cross section of multi-pass a-helical membrane proteins. The predicted partitioning energetics of these helices is generally insensitive to mutations occurring distant from the TM segments (data not shown). For this reason, we narrowed our analysis to pathogenic mutations occurring within or near segments predicted to partition into the membrane, which included 70 mutations within rhodopsin, 87 mutations within V2R, 171 mutations within CFTR, 105 mutations within KCNQ1, and 37 mutations within PMP22 (470 missense mutations total).
Energetic Effects of Pathogenic Mutations on the Membrane Partitioning of TM Helices
Full-sequence scans of the 470 chosen pathogenic variants were performed using the DG predictor algorithm, and the predicted DG app,pred value for each mutant TM helix was recorded. The effects of these mutations on the predicted partitioning energetics varied greatly; certain mutations were predicted to disfavor while others were predicted to enhance membrane integration. To visualize the range of predicted effects of these mutations, we plotted the change in the DG app,pred values of the mutant helix (DDG app,pred ) against the corresponding DG app,pred value of the WT helix (Fig. 1) . In this plot, the variants form vertical columns, each of which reflects all of the pathogenic variants of a single TM helix. Many of these columns span the indicated (Table 2) , which is typically a sufficient energetic effect to render a change in the partitioning regime. This suggests that topological defects likely constitute the pathogenic mechanism for a modest but nontrivial fraction of pathogenic mutations in transmembrane helices. Of course, it should be recognized that due to the formation of tertiary contacts between neighboring helices at or near the translocon (Meindl-Beinker et al. 2006; White and von Heijne 2008) , the topogenic behavior for some of these helices may deviate from these predictions in the context of the full-length protein. Thus, the relevance of these predictions to the topogenic process and, ultimately, to the efficiency of the biogenesis of these variants will require experimental validation. Nevertheless, these results highlight the utility of the DG prediction algorithm in generating testable hypothesis involving the molecular basis of disease. Topological decisions are governed by the principles of physical chemistry (White and von Heijne 2008) . For this reason, the proposed effects of mutations that disrupt this process can be rationalized with the concept of a reaction coordinate. In Fig. 2 , we have illustrated this concept with a hypothetical reaction coordinate encompassing the biosynthesis of a tetraspan membrane protein. A topological ensemble featuring the native topology (center) and two alternative non-native topomers (left and right), is established for the nascent protein (yellow) by the translocon based on the energetics of translocon-membrane partitioning. For most wild-type proteins, the native topology will be the most energetically favorable and abundant topomer, which can readily fold into the native conformation (green). Folding of the minor populations with non-native topologies may be inefficient due to the fact that they must traverse energy barriers associated with topological rearrangement in order to fold productively. The introduction of mutations that disfavor the membrane integration of a TM helix may selectively stabilize aberrant topomers relative to the native topology (Fig. 2b) , which may increase the fraction of non-native topomers and decrease the fraction of nascent protein capable of achieving the native conformation prior to recognition by cellular quality control. This is, of course, only one set of examples among many for how mutations may impact topogenesis and specifically perturb the conformational energetics of a given membrane protein.
Influence of Pathogenic Mutations on the Position of Nascent TM Helices
In addition to the energetics associated with the integration of isolated TM helices into the membrane, the DG predictor algorithm is also capable of identifying the portions of the proteins that are most likely to partition into the membrane. These segments do not always precisely correspond to the TM segments in the native structure, as previously demonstrated (Kauko et al. 2010; Virkki et al. 2014) . While a change in the predicted partitioning energetics for a given TM segment was the most commonly observed effect of these pathogenic mutations, in several cases we noticed predicted changes in the N and C-terminal residues for the TM segment. In the most dramatic example (C167R Rhodopsin), the mutation was predicted to shift the center of the inserted segment by 11 residues. To visualize these effects, we plotted the DDG app,pred of these mutations against the number of resides by which the center of the helix is predicted to shift (Fig. 3) . Most of these mutations surveyed in this work are predicted to have little or no effect on the position of the inserted segment. Nevertheless, several are predicted to shift the segment by the equivalent of two or more turns of a a-helix. Paradoxically, several mutations predicted to shift the sequence of the inserted segments are predicted to have minimal influence on the partitioning energetics. This suggests that, rather than shunting the mutated helix into the aqueous phase, the translocon may instead facilitate the membrane integration Fig. 1 Effects of pathogenic mutations on the predicted energetics of translocon-mediated membrane integration of transmembrane helices. Full-sequence scans of wild-type and pathogenic variants of rhodopsin (black), V2R (white), CFTR (yellow), KCNQ1 (cyan), and PMP22 (red) were performed using the DG predictor algorithm, and the predicted perturbation of the free energy of translocon-mediated membrane integration of the mutated TM helix (DDG app,pred ) caused by the mutation is plotted against the predicted free energy of translocon-mediated membrane integration (DG app,pred ) of the wildtype TM helix. Negative DG app,pred and DDG app,pred values indicate favorable membrane integration (Color figure online) (Fig. 4) . The energetic minimum in the wild-type protein (blue) corresponds to an inserted segment that begins at residue 41 and ends at residue 63. The I46 K mutation (purple) introduces a positively charged residue near the N-terminal edge of this nascent TM helix, which simply increases (disfavors) the predicted free energy of membrane partitioning, while maintaining the position of the free energy minimum. On the other hand, the L53R mutation (red) introduces a positively charged residue near the center of the wild-type TM helix. In this variant, a new energetic minimum is established 7 residues away, which would correspond to the integration of residues 35-54, placing this non-native arginine among the negatively charged phospholipid head groups in the cytoplasmic membrane interface rather than within the membrane core. This outcome may arise for TM helices that are not flanked by highly polar loop sequences. Together, these findings highlight two potentially distinct ways in which pathogenic mutations may influence topogenesis: (i) alteration of the efficiency of TM helix integration or (ii) a shift in the position of the nascent helix. Either alteration could affect the rate and/or efficiency with which nascent proteins achieve their native fold.
Reconciling Predictions with Biochemical Properties of Pathogenic Rhodopsin Variants
Pathogenic variants that exhibit serious topological defects are likely to be recognized by cellular quality control, retained within the ER, and degraded prior to maturation (Buck and Skach 2005) . Furthermore, such proteins are likely to be incapable of forming a native ligand-binding pocket. We sought to assess whether the modest fraction of disease mutations predicted to adversely influence topogenesis do indeed exhibit enhanced cellular turnover, intracellular retention, and diminished ligand binding when expressed in mammalian cells. Of the surveyed proteins, the biochemical properties of pathogenically misfolded rhodopsin variants seem to have been studied the most extensively, at least in terms of the number of mutant forms subjected to study (Hwa et al. 1997; Kaushal and Khorana 1994; Sung et al. 1991) . We, therefore, compiled qualitative observations of the steady-state expression level, cellular localization, and retinal binding propensity for 22 pathogenic rhodopsin variants in mammalian cells and compared them to the predicted effects of these mutations on the energetics of membrane partitioning (Table 3) . 15 of these mutations are predicted to have minimal effects on membrane integration or to enhance integration, which suggests that the conformational defects caused by these mutations are manifested after translocon-mediated membrane integration of the nascent TM helices. Alternatively, three of these mutations are predicted to have a DDG app,pred [ 1 kcal/mol (disfavoring correct membrane partitioning), and four additional mutations are predicted to significantly decrease the efficiency with which their TM helix partitions into the membrane. Of these seven variants, six exhibit both significantly decreased steady-state expression levels and a significantly reduced capacity to bind its native retinal ligand. The available observations also show that these variants are retained within the ER, suggesting that they are largely incapable of passing quality control in the early secretory pathway. While these observations are consistent with the expected manifestations of topological defects, there was one notable outlier. The L125R mutation, which is known to distort the native tertiary structure of rhodopsin (Garriga et al. 1996) , is predicted to significantly disfavor the partitioning of TM3 into the membrane (DDG app,pred = 1.7 kcal/mol).
However, this variant exhibits normal steady-state expression levels and cellular trafficking, and is capable of binding its native retinal ligand (Kaushal and Khorana 1994) . These observations suggest that the L125R mutation does not prevent the protein from acquiring its native topology, but more likely results in loss of rhodopsin function through some other, more subtle mechanism. To illuminate how the L125R variant may be capable of compensating for the introduction of this non-native charge in TM3 during topogenesis, we inspected the structure of bovine rhodopsin. There appear to be two negatively charged residues at comparable depth within the membrane in the crystal structure of bovine rhodopsin. One is a conserved glutamate residue within the same helix (TM3) that resides one helical turn away from the mutated residue, which may be capable of forming interhelical contacts that could facilitate the membrane integration of the arginine side chain. The other residue is a conserved aspartate located on the adjacent TM2 at a similar membrane depth, which may enable the formation of an interhelical salt-bridge to help enable integration of the mutated helix into the membrane. While experimental evidence will be needed to determine whether these non-native contacts are indeed formed at or near the translocon during biosynthesis of this variant, these observations offer a reasonable explanation for how this outlier may achieve its native topology despite the hazardous introduction of this seemingly poorly placed, nonnative side chain. Together, these findings confirm the utility of the DG predictor algorithm to generate testable hypothesis regarding the effects of certain pathogenic mutations on the early stages of membrane protein folding.
Conclusions and Outlook
Heterogeneity in the mechanisms by which pathogenic mutations are capable of prompting the cellular misfolding of integral membrane proteins has undermined attempts to identify therapeutic compounds with broad efficacy (Rowe and Verkman 2013) . Thus, an understanding for the prevalence of certain misfolding mechanisms and how these relate to common pathogenic mutations will be of increasing importance in rational drug design efforts. In this work, we sought to assess whether pathogenic mutations in transmembrane helices commonly influence topogenesis. Using the freely available DG predictor server, we surveyed the effects of 470 pathogenic mutations implicated in diseases of membrane protein misfolding on the energetics of translocon-mediated membrane integration of transmembrane helices. The results suggest that roughly 10 % of the mutations that fall within or near TM helices may adversely influence the efficiency with which these variants acquire their correct membrane topology. This is as opposed to other mutations that primarily influence post-translational folding and/or function. The intrinsic differences between the structural properties of topologically defective disease variants relative to other disease variants may have implications for therapeutic design. For instance, variants with incorrect membrane topology may be incapable of binding Kaushal and Khorana (1994) b Sung et al. (1991) c Hwa et al. (1997) Poor a ligands, which may limit the utility of ligand-based pharmacological chaperones. However, considering that correction of aberrant topologies by cellular quality control machinery may compete with degradation pathways (Buck and Skach 2005) , these variants may instead be more amenable to pharmacological rescue mediated by the so-called proteostasis regulators Mu et al. 2008; Powers et al. 2009 ), which alter the activity of cellular quality control networks. Such possibilities provide the impetus to elucidate the linkage between the structural and biochemical defects caused by these mutations and the corresponding efficacy of various therapeutics.
